Introduction
The receptor site for a wide range of photosyn thetic inhibitors has been found to be associated with the D 1 protein which, with other polypep tides and pigments, constitutes the reaction center of photosystem II (PS II) [1] . In photosynthetic bacteria, three-dimensional structures of the pho tochemical reaction centers have been determined by means o f X-ray crystallography [2, 3] , and this has enabled the investigation of the molecular events involved in the electron transfer process.
However in plants, crystallization of the PS II reaction center has not yet been achieved due to its instability in the isolated state. An alternative ap proach to study the structure of the PS II reaction center involves probing the binding site with spe cific and highly active inhibitors. In particular, new PS II inhibitors which differ structurally from well-known inhibitors are promising tools in such studies, since they may interact with the receptor site in a different m anner. In fact, studies with new potent PS II inhibitors such as 3-aminocyanoacrylates (1) [4, 5] , 2-(l -aminoalkylidene)-1,3-cyclohexanediones (2, AC) [6, 7] and 3-(l-aminoalkylidene)-2//-pyran-2,4(3//)-diones (3, AP) [8, 9] R eprint requests to D r. K. Y oneyam a.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0341-0382/90/1100-1127 $01.30/0 have accumulated novel inform ation on the inter action between these inhibitors and the binding niche.
The carbonyl conjugated enamine structure of these new inhibitors was found to play a major role in their PS II inhibition, and an asymmetric distribution o f lipophilicity about the enamine moiety was a further prerequisite for the activity [5, 6, 8] . Therefore, other six-membered ring com pounds containing a l,3-dicarbonyl-2-aminoalkylidene system might also be expected to inhibit PS II. Studies based on this idea led to the syn- thesis o f 3-acyl-5-( l-am inoalkylidene)tetrahydropyran-2,4,6-trione (4, PT). Although AC and AP com pounds were very similar in their structural requirements for inhibi tion [8] , they seemed to differ in their binding be havior with the D 1 protein. In particular, it was suggested that AP com pounds could be classified as a new type of inhibitor which bound to the site in a manner totally different from that of other PS II inhibitors [9] . Accordingly, in these two types of inhibitors, structural features surrounding the conjugated enamine moiety greatly affected both the activity and the binding behavior with the D 1 protein. Presumably, thermoluminescence (TL) analysis [9, 10] of the binding mode of PT de rivatives, which are structurally related to AP, would afford some inform ation on the unique mode of action of the AP compounds.
In this paper, we wish to describe the structural requirements for PS II inhibition of the PT deriva tives and discuss their binding behavior with the D 1 protein based on the results obtained by TL measurements [10] and the use o f m utant chloro plasts [1 1 ].
Materials and Methods

P S II inhibition
Spinach (Spinacia oleracea L.) and rape (wild type and atrazine-resistant m utant Brassica napus L.) [11] chloroplasts were obtained by convention al methods [12] and were stored in liquid nitrogen. The PS II activity was measured as reported pre viously [13] , chlorophyll concentration being ad justed to 0.5 (ig/ml for spinach, and 5 }ig/ml for both wild type (atrazine-susceptible) and m utant (atrazine-tolerant) Brassica napus, respectively. The PS II inhibitory activities of the com pounds are expressed by p/50 values, which indicate the negative logarithms of the concentration (m ) of the com pounds giving 50% inhibition o f electron transport.
Thermoluminescence measurement
Thylakoids, diluted to give 0.25 m gChl/m l in 25% (v/v) glycerol, 10 m M MgCL and 50 m M H E P E S -N aO H (pH 7.0), were illuminated with orange light (>500 nm) for 45 sec before being left in the dark for 5 min at room tem perature. Ther moluminescence was measured as described in [14] , the samples being illuminated with xenon flashes, rapidly cooled to -1 9 6 C, and then heat ed at a rate of 0.8 C/sec.
Chemicals
All melting points (m.p.) are given as uncorrect ed values. Structures of the synthesized com pounds were confirmed by 'H N M R and IR spec tra, which were obtained with a Hitachi R 1200 and a SHIM ADZU IR-400 spectrometer, respec tively. Mass spectra were recorded on a Finnigan MAT INCOS 50 spectrometer. Satisfactory ana lytical data have been obtained for all the tested compounds.
Several preparative methods for the 3-acyl-5-(1 -aminoalkylidene)tetrahydropyran-2,4,6-trione (PT) derivatives have been reported [15, 16] , and the compounds having N-phenyl groups were syn thesized according to Snader et al. [16] , The other compounds were synthesized according to Kiang et al. [15] .
Synthesis o f 3 -a ce ty l-5 -[l-( 1 -decylamino) ethylidene]-4-hydroxy-2H -pyran-2,6( 3 H )-dione (7)
In a 100 ml flask, 1.06 g (5 mmol) of 3,5-diacetyltetrahydropyran-2,4,6-trione [15] , 0.79 g (5 mmol) of 1-decylamine, and 3 ml o f acetic acid were heated at 9 5 -100 C for 20 min. After evap orating the acetic acid in vacuo, 30 ml of toluene was added to the residue, and the mixture was heated under reflux for 4 h. The toluene was re moved in vacuo, and the residue was purified by silica gel column chrom atography ( 
Results and Discussion
Essential structural features fo r PS II inhibition
In order to examine the essential structural fea tures for PS II inhibition, several types of tetrahydropyran-2,4,6-trione derivatives were synthesized and their PS II inhibitory activities in isolated spinach chloroplasts determined (Fig. 2) . Among the com pounds shown in Fig. 2 , only the com pound having both an acyl (acetyl) and an aminoethylidene group (7) was a highly active PS II in hibitor. Weak activity of the di-enamine (6) and the lack of activity o f the diacyl-pyrantrione (5) clearly dem onstrated that the carbonyl-conjugated enamine structure is necessary for inhibition. F ur ther lengthening of the iV-alkyl group in the di-enamine led to the loss of the activity (data not shown), and thus both the acyl group and the en amine moiety on the nucleus were needed for high er activity. Therefore, we tried to optimize the structure o f the PT derivatives (4) for PS II inhibi tion by varying the two substituents, R 1 and R : (Fig. 1) .
It has been reported that the m ajor tautom ers of 3,5-diacyltetrahydropyran-2,4,6-triones and their mono-enamines are 4-hydroxy-2//-pyran-2,6-(3 H )-diones [16, 17] , and thus, the 3-acyl-5-( 1 -aminoalkylidene)tetrahydropyran-2,4,6-trione deriva tives (4) should be described as 3-acyl-5-(l-aminoalkylidene)-4-hydroxy-2 H-pyran-2,6(3 //)-dione derivatives. However, we will use the term PT and AP for the com pounds 4 and 3, respectively.
In designing active PT derivatives, information on the structure-activity relationships of the close ly related PS II inhibitors, AP, was available [8, 9] , In the case of AP, active com pounds carry lipo philic amino groups. A similar trend was also ob served with the PT derivatives as shown in Table I . Among the Aralkyl derivatives listed in the Ta- ble (7-16), the most active one, carrying the N-dodecyl group (14), was much more potent than DCM U, 3-(3,4-dichlorophenyl)-1,1 -dimethylurea. Accordingly, structural features for PS II in hibition of the PT derivatives seemed to be very similar to those of AP. Anti-allergic activity of the PT derivatives, in particular that of A^-phenyl derivatives, was exten sively studied by Snader et al. [16] ; the com pounds being described as pyranenamines in their reports [16, 18] , Cram er et al. applied the quantitative structure-activity relationship analysis to obtain an optimal structure for the anti-allergic activity, and found that the introduction of hydrophilic substituents in the aniline moiety enhanced the ac tivity [18] , In contrast, the N-phenyl derivatives were not highly active PS II inhibitors, and the in troduction of hydrophilic substituents like the hy droxyl group greatly reduced their activity as shown in Table II . Thus the 4-OH derivative (18), which has been reported to be an active anti-allergic com pound [16, 18] , was inactive on the PS II system. On the other hand, com pounds carrying lipophilic substituents on the benzene ring (19, 22 and 23) showed weak to m oderate PS II inhibitory activities. These results indicated that the structur al requirements of the PT derivatives for anti-allergic activity clearly differed from those for PS II inhibition, and that increased lipophilicity enhanced the PS II inhibitory activity. Although PT derivatives having the 7V-phenyl group were only weakly active PS II inhibitors, the introduction o f a methylene group between the benzene ring and the amino nitrogen atom en hanced the activity (17 vs. 24). Further lengthening of the carbon chain produced a stepwise increase in the activity until the chain length reached C5. M ore precisely, the com pounds having an even num ber o f methylene groups between the phenyl and amino moieties (17, 25 and 27) were less active than those having an odd num ber (24, 26 and 28). A similar effect has been observed with the phenylalkylam ino-cyanoacrylate derivatives, and H up patz and Phillips explained this in terms of a pre ferred orientation o f the benzene ring for interac tion with a specific region within the hydrophobic matrix; the com pounds showed higher activities when the benzene rings were in the correct orienta tions resulting from interaction with a lipophilic region in the D 1 protein [19] , In addition, the dif ference in the PS II inhibitory activity of the enantiomers of the 3-acetyl-5-[l-(l-phenethyl)amino]-ethylidene-4-hydroxypyran-2,6-dione derivative (29 and 30) may also be caused by the different orientations o f the benzene rings in these com pounds. The S-isomer (30) was more active than the 7?-isomer (29) as in the case of other PS II in hibitors [20, 21] , suggesting a common site of chiral recognition prefering an ^-configuration for optimal interaction.
Effects of the alkylidene part of the PT deriva tives on the activity are shown in Table III . Among the vV-decyl derivatives, the com pound containing the propylidene structure (31) shows the highest activity, which drops dramatically when the carbon num ber of the alkylidene moiety exceeds 3 (32-34). In this study, only PT deriva- tives having the same substituent (R 1) on both the 2-position o f the am inoalkylidene and the carbon yl carbon attached to the 5-position of the pyran ring were examined, so that increasing R 1 by one methylene group was associated with a two m eth ylene contribution to overall lipophilicity. How ever, the size o f R 1 would seem to be more im por tant than the overall lipophilicity because of the rather sudden decrease in activity between propylidene and butylidene analogues.
Binding mode to D 1 protein
On the basis o f TL measurement, the AP deriva tives were shown to behave differently from other classical PS II inhibitors in their binding to the D 1 protein [9] , Since the PT derivatives were found to be very similar to AP in the structural features re quired for PS II inhibition, they might also have been expected to bind similarly to the D 1 protein.
Thermoluminescence analysis o f the PT derivative (7), however, revealed that this com pound should be classified as a D CM U type PS II inhibitor based on the TL emission band tem perature and the norm al oscillation pattern observed (Table IV) . Thus, the PT and AP derivatives ap pear to differ in their binding mode to the D 1 pro tein. This may be due to the presence of the acyl group in the former com pounds, which could form an intram olecular hydrogen bond with the carbon yl group at the 4-or 2-position of the nucleus or act as a hydrogen bond acceptor to some hydrogen bond donor on the receptor site. As mentioned before, m ajor tautom ers of the PT derivatives are the 4-hydroxy form, i.e., 3-acyl-5-( 1 -aminoalkylidene)-4-hydroxy-2 //-pyran-2,6(3 //)-dione structures [16] . On the other hand, active AP as well as AC inhibitors exist only in the 4-keto form when the am ino nitrogen is substitut ed with an alkyl group [9, 10] . These observation suggest that the 5-(l-aminoalkylidene)-4-hydroxypyran-2,6-dione derivatives use the carbonyl func tionality on the 3-position o f the pyran ring to sta bilize the active 4-hydroxy (or 2-hydroxy) struc ture by forming an intram olecular hydrogen bond. Table V shows the inhibitory activities of the PT derivative (7) on PS II in chloroplasts isolated from atrazine-resistant and susceptible biotypes of Brassica napus. The PT derivative was less active against atrazine-resistant than against atrazinesusceptible biotypes, indicating that this com pound could be classified as an inhibitor of the urea/triazine type [11] . These results were in agree ment with those obtained by TL measurements.
Consequently, the PT derivatives were found to be good molecular probes for photosynthetic re search because of their high inhibitory activities. Further synthetic and biochemical studies on these readily prepared com pounds are in progress.
